Aims/hypothesis O-GlcNAcylation is implicated in modulating mitochondrial function, which is closely involved in regulating muscle metabolism. The presence of O-GlcNAcase (OGA), the enzyme involved in the removal of O-GlcNAc, in mitochondria was recently confirmed in rats. In the present study, we investigated the regulation of myogenesis and muscle insulin sensitivity to OGA in mice, with a focus on mitochondria. Methods C57BL/6J mice fed a high-fat diet for 4 months were used to observe mitochondrial density, activity and O-GlcNAcylation in muscle. Small interfering RNA and overexpression vectors were used to modulate protein content in vitro. Results High-fat feeding decreased the OGA level and largely increased mitochondrial O-GlcNAcylation in mouse skeletal muscle that was accompanied by decreased levels of peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α), decreased mitochondrial density and disrupted mitochondrial complex activities. Knockdown of OGA in C2C12 myoblasts promoted PGC-1α degradation, resulting in the suppression of mitochondrial biogenesis and myogenesis, whereas neither knockdown of O-GlcNAc transferase nor overexpression of OGA had significant effects on myogenesis. Mitochondrial dysfunction as evidenced by decreased ATP content and increased reactive oxygen species production, and increased lipid and protein oxidation was observed in both myoblasts and myotubes after OGA knockdown. Meanwhile, elevated O-GlcNAcylation through either OGA knockdown or treatment with the OGA inhibitor PUGNAc and the O-GlcNAc transferase substrate D-GlcNAc suppressed myotube insulin signalling transduction and glucose uptake. OGA overexpression had no significant effect on insulin sensitivity but sufficiently improved the insulin resistance induced by D-GlcNAc treatment. Conclusions/interpretation These data suggest that OGA can modulate mitochondrial density via PGC-1α and mitochondrial function via protein O-GlcNAcylation. In this manner, OGA appears to play a key role in myogenesis and the development of muscle insulin resistance.
Introduction
Skeletal muscle, the largest endocrine organ in the body, plays a vital role in glucose clearance and utilisation [1] . Insulin resistance in skeletal muscle is considered an early hallmark in the development of type 2 diabetes [2] . A long-term diabetic condition usually results in skeletal muscle myopathy, which is a common source of disability in both type 1 and 2 diabetic populations and is increasing in prevalence [3] [4] [5] . Despite accumulating studies, the molecular mechanism underlying the skeletal muscle defects in the diabetic condition remains limited.
O-GlcNAcylation is a nutrient-sensitive, post-translational modification that targets thousands of proteins and modulates their physiological functions [6, 7] . Aberrant O-GlcNAc signalling has been observed in a study of several chronic diseases, including obesity, diabetes, neurodegeneration and cancer [8, 9] . In the study of diabetes, streptozotocin (STZ) has been used to induce a type 1 diabetic animal model by damaging pancreatic beta cells, resulting in hypoinsulinaemia and hyperglycaemia, while chronic high-caloric or high-fat diets (HFD) are usually used to induce type 2 diabetic animal models that are closely associated with obesity and insulin resistance; previous studies have revealed increased protein O-GlcNAcylation modification in both of these diabetic animal models [10] [11] [12] [13] , whereas exercise training has been shown to mitigate aberrant protein O-GlcNAcylation in diabetic mice [13] .
As skeletal muscle is the major organ in exercise and glucose metabolism, skeletal muscle function, such as skeletal muscle contraction [14] , myogenin protein content and myogenesis [15] , has been suggested to be associated with O-GlcNAc signalling. Furthermore, higher levels of O-GlcNAcylation are associated with protein degradation and muscle atrophy [16] . These findings suggest that dysregulated O-GlcNAc cycling may be a critical component of muscle dysfunction and insulin resistance. The regulation of O-GlcNAcylation is highly dynamic but requires only two enzymes: O-GlcNAc transferase (OGT) [17] , an enzyme that catalyses the addition of O-GlcNAc to target proteins; and O-GlcNAcase (OGA) [18] , an enzyme that catalyses the removal of O-GlcNAc from target substrates. Disruption of the OGT/OGA balance results in aberrant protein O-GlcNAc modification that contributes to physiological changes. A number of studies have demonstrated that increased OGT protein can contribute to insulin resistance [9, 14, 19] . Although the role of OGA in O-GlcNAc modification is known, the involvement of OGA in other biological processes remains limited.
Mitochondria are major energy producers in living cells. Impaired content or activity of enzymes related to mitochondrial function has been reported in STZ-or HFD-induced diabetic animal models [20] [21] [22] [23] . Following the observation of OGT localisation to the mitochondria by Love et al [24] , the presence of OGA was recently reported in cardiac mitochondria in rats [25] . Despite a recently identified association between OGA-mediated O-GlcNAcylation and diabetes progression [25, 26] , there have been no reports of the effects of OGA activity on mitochondrial regulation. In the current study in mice, we report that OGA deficiency promotes peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) degradation by increasing its O-GlcNAcylation, leading to suppressed mitochondrial biogenesis and myogenesis. In addition, we show that OGA deficiency increases mitochondrial protein O-GlcNAcylation, contributing to mitochondrial dysfunction and insulin resistance. Together, our data suggest that OGA activity is important for maintaining normal mitochondria and skeletal muscle function.
Methods
Chemicals D -GlcNAc, FCCP (carbonyl cyanide 4-[trifluoromethoxy] phenylhydrazone), antimycin A and oligomycin were purchased from Sigma (St. Louis, MO, USA). Antibodies against complex I, II, III, IV and V were obtained from Invitrogen (Carlsbad, CA, USA). Antibodies against myosin heavy chain (MyHC),
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibodies against α-tubulin, AKT, p-AKT (S473), GSKα/β, and p-GSKα/β (S21/9) were obtained from Cell Signaling Technology (Danvers, MA, USA). Small interfering RNA (siRNA) oligos and PCR primers were synthesised by Genepharma (Shanghai, China). Insulin was purchased from Fitzgerald (Acton, MA, USA). The Oga plasmid was a generous gift from G. W. Hart (Johns Hopkins University School of Medicine, Baltimore, MD, USA); Oga is also known as Mgea5. See electronic supplementary material (ESM) Methods for further details.
Animals Four-week-old male C57BL/6 mice were purchased from the SLAC Laboratory Animal Co. (Shanghai, China). After 1 week of acclimatisation, the mice were randomly divided into two feeding groups (n = 6 in each group): mice fed a normal diet (control, 12% energy fat content) and mice fed an HFD (45% energy fat content). After 16 weeks, the mice were fasted overnight and killed for tissue collection. All animals were housed in a temperature-controlled (25-28°C) and humidity-controlled (60%) animal room and maintained on a 12 h light/12 h dark cycle with food and water provided during the experiments. All the methods were performed in accordance with approved guidelines, and all efforts were made to minimise the suffering and the number of animals used in this study. Experimenters were not blind to group assignment or outcome assessment. See ESM Methods for the HFD formula.
C2C12 cell differentiation Mouse mycoplasma free C2C12 myoblasts were purchased from the ATCC (Manassas, VA, USA). Cells were induced into myotubes after 6 days following previously reported method [27] . siRNA transfections were performed using Lipofectamine RNAiMAX (Invitrogen), and DNA transfections were performed using X-tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland) as described in the supplier's manuals. For MyHC immunocytochemistry analysis, cells were washed, fixed, stained and visualised by confocal microscopy (Zeiss, Jena, Germany). See ESM Methods for further details.
Mitochondrial complex activity assays Mitochondria isolation from cultured mouse C2C12 myoblasts, myotubes and skeletal muscle tissues were performed as previously described [27, 28] . Mitochondrial complex activities were measured by spectrophotometer as described in previous reports [29, 30] . See ESM Methods for further details Cell oxygen consumption rate measurement Mitochondrial oxygen consumption rate of cultured mouse C2C12 myoblasts and myotubes were measured using an extracellular flux analysis (Seahorse Biosciences, N. Billerica, MA, USA). See ESM Methods for further details.
ATP measurement Cellular ATP contents of cultured mouse C2C12 myoblasts and myotubes were performed using an ATP assay kit following the manufacturer's protocol (FLAA, Sigma). See ESM Methods for further details.
Oxidative stress assays Cellular oxidative stress of cultured mouse C2C12 myoblasts and myotubes was assessed by analysing intracellular reactive oxygen species (ROS) with the fluorescence probe 2′,7′-dichlorofluorescein (H2DCF-DA), carbonyl protein with the OxyBlot protein oxidation detection kit (Cell Biolabs, San Diego, CA, USA), 4-hydroxynonenal (4-HNE) with ELISA kit (RD Systems, Shanghai, China), and glutathione (GSH) with 2,3-naphthalenedicarboxyaldehyde (NDA) as previously described [23, 27] . See ESM Methods for further details.
Glucose uptake measurement Medium glucose of cultured mouse C2C12 myotubes was detected using a commercial kit from Sigma (St. Louis, MO, USA). Glucose uptake was determined by calculating the fresh medium glucose minus the reduced medium glucose. See ESM Methods for further details.
Real-time PCR Real-time quantitative PCR was used to determine the relative expression levels of mRNAs in cultured mouse C2C12 myoblasts and myotubes. See ESM Methods for further details.
Western blot Protein samples from cells, skeletal muscles, mitochondria and co-immunoprecipitates were analysed by western blot. See ESM Methods for further details.
Statistical analysis
The results are presented as the means ± SEM. Statistical analyses were conducted using one-way ANOVA followed by least significant difference post hoc analyses or unpaired t tests. For all analyses, values of p < 0.05 were considered significant. No results were omitted or excluded in our study.
Results
Mitochondrial O-GlcNAcylation in skeletal muscle of diabetic mice Obese and diabetic mice were developed by feeding a HFD for 4 months (ESM Fig. 1 ). Analysis of the skeletal muscle showed decreased OGA protein levels in both the total and mitochondrial portion of the HFD group, whereas no significant change was observed in the OGT levels (Fig. 1a) . Compared with the overall O-GlcNAcylation, mitochondrial protein showed a more robust increase in O-GlcNAcylation (Fig. 1b) . The protein level of PGC-1α was decreased in the HFD group and was accompanied by decreased mitochondrial complex subunits I and V (Fig. 1c, ESM Fig. 2 ). An analysis of mitochondrial electron transport chain complex activity showed decreased activities of complexes I and II as well as increased activities of complex III and V in the HFD group (Fig. 1d ). These data suggest that OGA is more sensitive in diabetic muscle and that there may be a connection between dysregulated O-GlcNAcylation and mitochondrial dysfunction in diabetic muscle.
Mitochondrial O-GlcNAcylation in myogenesis Mouse C2C12 myoblasts were induced to form myotubes after 6 days of differentiation. MyHC, the marker of myotubes, was increased in a time-dependent manner during C2C12 myogenesis (Fig. 2a, b) . A robust increase in OGA protein content was observed at an early differentiation time (Fig. 2b) , and the total protein O-GlcNAcylation decreased during myogenesis (Fig. 2b) . Consistent with a previous report [31] , myogenesis was accompanied with mitochondrial biogenesis as evidenced by increased fluorescence of MitoTracker green staining (Fig. 2a) and protein levels of mitochondrial complex subunits (Fig. 2c) . In response to a recent report of localised OGA in mitochondria [25] , we analysed the mitochondria and found that mitochondrial OGA levels sharply increased during myogenesis and were accompanied by decreased mitochondrial O-GlcNAcylation (Fig. 2d) . The purity of the mitochondrial fraction was confirmed in both myoblasts and myotubes (ESM Fig. 3 ).
OGA deficiency suppresses C2C12 myogenesis C2C12 myoblasts were cultured with the OGA inhibitor PUGNAc during differentiation. The PUGNAc treatment decreased the MyHC protein content, indicating the suppression of myogenesis (Fig. 3a, ESM Fig. 2 ). To further confirm the dependency of myogenesis on OGA, we treated myoblasts with Oga siRNA and then subjected the cells to a 48 h differentiation period. The MyHC levels were significantly decreased by OGA knockdown (Fig. 3b) . Similar decreases were also observed for the mRNA levels of the key regulators of myogenesis MyoD, myogenin and Mrf4 (also known as Mrf6) (Fig. 3c) . OGA knockdown was accompanied by decreased OGT protein content; therefore, no significant change was observed in total protein O-GlcNAcylation (Fig. 3b) . Interestingly, overexpression of OGA had no significant effect on MyHC (Fig. 3d) , and MyoD, myogenin and Mrf4 mRNA levels (Fig. 3e) , and further knockdown of OGT also showed no effects on MyHC protein content when subjected to 48 h differentiation (Fig. 3f) ; these findings indicate that OGA is required to maintain normal myogenesis activity. Myogenesis status was further confirmed by an immunofluorescence assay of MyHC (Fig. 3 g, h) .
PGC-1α is required for OGA-mediated C2C12 myogenesis As a master regulator of mitochondrial biogenesis, PGC-1α was decreased by OGA knockdown, contributing to the suppression of mitochondrial biogenesis during myogenesis (Fig. 4a, ESM Fig. 2) . Interestingly, OGA knockdown had no effect on Pgc-1α mRNA (Fig. 4b) , and MG132, a proteasome inhibitor, inhibited the decrease in PGC-1α protein (Fig. 4c) . Overexpression of OGA had no effect on PGC-1α and mitochondrial density (ESM Fig. 4 ). An analysis of PGC-1α immunoprecipitates showed increased O-GlcNAcylation and ubiquitination of PGC-1α in Oga siRNA-treated myoblasts (Fig. 4d) , and a consistent increase was also observed in HFDinduced diabetic skeletal muscle (Fig. 4e) . Additionally, the direct knockdown of PGC-1α significantly reduced the protein levels of MyHC (Fig. 4f) and the mRNA levels of MyoD, myogenin and Mrf4 (Fig. 4g ). This suppressed myogenesis was further confirmed with MyHC immunofluorescence and a myogenic index analysis (Fig. 4h) . The overexpression of PGC-1α could sufficiently prevent the OGA knockdowninduced decrease of MyHC and mitochondrial complex subunits (Fig. 4i) . These data suggest that OGA could target PGC-1α to modulate mitochondrial biogenesis and C2C12 myogenesis.
OGA deficiency impairs mitochondrial function during C2C12 differentiation Abnormal mitochondria could contribute to an abnormality in myogenesis [32] . Although no significant change in total protein O-GlcNAcylation was observed after OGA knockdown (Fig. 3) , we were surprised to observe a robust increase in O-GlcNAcylation of the mitochondrial fraction (Fig. 5a ). An oxygen consumption analysis showed that basal respiration, maximal respiration and ATP potential during differentiation were all increased by OGA knockdown (Fig. 5b ). However, the ATP level (Fig. 5c ) dramatically decreased. As determined using flow cytometry and immunofluorescence, the production of ROS increased (Fig. 5d, ESM Fig. 4) . Accordingly, protein oxidation, as The numbers to the right of each blot represent molecular mass in kDa. The values are the means ± SEM; n = 4; *p < 0.05; **p < 0.01. NC, negative control; siOga, Oga siRNA; siOgt, Ogt siRNA indicated by carbonyl protein analysis (Fig. 5e) , and lipid oxidation, as indicated by 4-HNE analysis (Fig. 5f ), were both increased by OGA knockdown during myogenesis, suggesting that OGA knockdown could impair mitochondrial function and induce oxidative stress during myogenesis. As one of the most abundant antioxidants in the cells, GSH was decreased by OGA knockdown, and treatment with buthionine sulphoximine (BSO), a specific inhibitor of γ-glutamylcysteine synthetase that is responsible for GSH production, also induced a similar decrease in GSH as OGA knockdown (Fig. 5g) . However, H2DCF-DA staining showed that OGA knockdown induced a more significant increase in ROS than BSO treatment in normal cells, although BSO treatment alone in normal cells increased the ROS content (Fig. 5h, i) . These data further support that ROS production in OGA knockdown cells is mainly attributed to mitochondrial dysfunction.
OGA deficiency impairs mitochondrial function in myotubes In fully differentiated myotubes, the knockdown of OGA in myotubes resulted in increased mitochondrial OGT levels and O-GlcNAcylation (Fig. 6a) . The mitochondrial oxygen consumption capacity, including basal respiration, maximal respiration and ATP potential, were all elevated after OGA knockdown (Fig. 6b) . Consistent with our observations during myogenesis, cellular ATP (Fig. 6c) decreased, whereas the cellular ROS level was robustly increased as revealed by flow cytometry (Fig. 6d) and immunofluorescence analysis (ESM Fig. 4) . As a result of oxidative stress, the carbonyl protein (Fig. 6e) and cellular 4-HNE levels (Fig. 6f) were also significantly increased after OGA knockdown. The overexpression of OGA in myotubes had no significant effect on mitochondrial oxygen consumption (ESM Fig. 4 ). These data suggest that mitochondria are more sensitive to an OGA deficiency-associated increase in protein O-GlcNAcylation.
OGA deficiency impairs insulin sensitivity in myotubes In fully differentiated myotubes, the addition of the OGA inhibitor PUGNAc and the OGT substrate D-GlcNAc decreased p-Akt and p-GSK levels under insulin stimuli (Fig. 7a, ESM  Fig. 2 ), which was accompanied by decreased glucose uptake (Fig. 7b) , indicating impaired insulin sensitivity. OGA knockdown also impaired insulin signalling (Fig. 7c, ESM Fig. 2 ) and decreased glucose uptake (Fig. 7d) in myotubes. However, the overexpression of OGA did not increase or decrease insulin sensitivity (Fig. 7e) ; instead, the overexpression of OGA sufficiently eliminated D-GlcNAc-induced (Fig. 7f) . Taken together, these data suggest the importance of OGA activity in maintaining myotube insulin sensitivity.
Discussion
Skeletal muscle insulin resistance is the primary type of dysregulation in type 2 diabetes [33] . A strong association between aberrant O-GlcNAc cycling and development of insulin resistance and diabetes has been proposed in recent years. Enhanced global O-GlcNAcylation has been found in the liver tissue of db/db mice and HFD-induced diabetic mouse models [33] , and in the cardiac muscle and coronary endothelial cells of STZinduced diabetic mouse models [13, 34] , which is consistent with our observations in skeletal muscle. Meanwhile, the cytoprotective potential of increased O-GlcNAc signalling in the cardiovascular system has also been proposed in several studies [35, 36] , suggesting that O-GlcNAc signalling has multiple roles in regulating physiological activities. More efforts are required to elucidate the details of the involvement of O-GlcNAc signalling in diabetes progression.
Although only two enzymes regulate O-GlcNAc cycling, the regulation of their activities and the regulation between the two enzymes remain unclear. In addition to adding O-GlcNAc to a target protein, OGT is also auto-GlcNAcylated within its catalytic domain, and this autoglycosylation may regulate its activity [37] . In our study, in the mitochondrial fraction of the HFD-induced diabetic skeletal muscle, neither OGT protein expression nor OGT O-GlcNAc levels were affected, whereas the OGA level showed a significant decrease leading to elevated O-GlcNAcylation (ESM Fig. 5 ). This result indicates that OGA is quite susceptible to insulin resistance in diabetic skeletal muscle, and a loss of OGA activity did not promote OGT autoglycosylation. Different from our in vivo observation, we found that OGA knockdown in C2C12 cells could decrease OGT protein content, which is consistent with observations in the intestines of OGA knockdown mice by Yang et al [38] . However, OGA knockdown in cancer cells had no effect on the OGT level [39] , suggesting a complex relationship between OGA and OGT, and how OGA activity regulates OGT in different contexts remains to be elucidated.
Impaired mitochondrial O-GlcNAcylation has been associated with mitochondrial dysfunction in neurons [40] and cardiomyocytes [25, 41] . Thus, we hypothesised that elevated mitochondrial O-GlcNAcylation may contribute to mitochondrial dysfunction in diabetic skeletal muscle. OGA significantly decreased in diabetic muscle; therefore, we focused on OGA in in vitro studies. By use of C2C12 myoblasts as a myogenesis model, we showed that OGA levels increased with decreased cellular O-GlcNAcylation during myogenesis, which was consistent with a previous finding [42] . In our study, mitochondrial biogenesis was possibly induced in response to the higher energy demand required for myogenesis, whereas were transfected with pcDNA3.1-Oga for 72 h with or without insulin challenge for another 10 min, followed by detection of p-Akt/Akt and p-GSK-3α/β/GSK-3α/β. (f) Myotubes were transfected with pcDNA3.1-Oga for 24 h followed by 48 h of D-GlcNAc treatment (1 mol/l) with or without insulin challenge for another 10 min, followed by detection of p-Akt/Akt and p-GSK-3α/β/GSK-3α/β. The numbers to the right of each blot represent molecular mass in kDa. The values are the means ± SEM; n = 4; *p < 0.05; **p < 0.01. siOga, Oga siRNA mitochondrial O-GlcNAcylation was dramatically reduced because of increased mitochondrial OGA levels. This finding is supported by the recent discovery of OGA mitochondrial localisation [25] . In addition to the mitochondrial density affected by OGA deficiency, we also showed that mitochondrial protein O-GlcNAcylation was altered in response to OGA knockdown during myogenesis and in fully differentiated myotubes, and was accompanied by impaired mitochondrial function, including significantly lowered ATP content, increased ROS content and protein and lipid oxidation. By employing the OGA inhibitor PUGNAc or siRNA, we showed that OGA deficiency could decrease myotube fusion and inhibit myogenesis. The overexpression of OGA had no significant effect on mitochondrial activity and myogenesis, with the exception of a dramatic decrease in O-GlcNAcylation. These data suggest that in addition to being closely involved in chronic diseases such as obesity, diabetes, neurodegeneration and cancer [8, 9] , OGA is also required to maintain normal mitochondrial function during myogenesis. Further studies are called for to explore the specific regulators involved in myogenesis that are modulated by OGA.
As the master regulator of mitochondrial biogenesis, PGC-1α has been suggested to contribute to myogenesis [43] , which was confirmed in the current study. We showed that the knockdown of OGA decreased PGC-1α protein content and suppressed mitochondrial biogenesis during myogenesis. In addition, the overexpression of PGC-1α sufficiently prevented OGA knockdowninduced mitochondrial loss and myogenesis decrease. These observations indicate that PGC-1α is a key myogenesis regulator that can be modulated by OGA. A recent report by Ruan et al showed that host cell factor C1 could recruit OGT to O-GlcNacylate PGC-1α and protect it from degradation [44] . Interestingly, we found that in both Oga siRNA-treated cells and diabetic skeletal muscle, both O-GlcNAcylation and ubiquitination of PGC-1α were increased and were accompanied by decreased PGC-1α protein content, suggesting a more complicated regulation of PGC-1α stability by O-GlcNAcylation, which requires further exploration.
Previous reports have shown that the loss of OGA in mice leads to defects in metabolic homeostasis, culminating in obesity and insulin resistance [26] , and that the overexpression of OGA in db/db mice significantly improves the lipid profile in liver [45] . Consistently, we found impaired insulin signalling and glucose uptake capacity in myotubes after OGA knockdown or treatment with PUGNAc or D-GlcNAc, with concurrent increased O-GlcNAcylation and mitochondrial dysfunction. Additionally, OGA overexpression successfully improved the insulin sensitivity damaged by the addition of D-GlcNAc. Taken together, our data further indicate that OGA activity is important for maintaining regular myogenesis and sensing insulin signals in skeletal muscle, and modulating mitochondrial density and function may account for its benefits.
